Abstract Ventilation increases rapidly and significantly in proportion to workload or metabolic rate during dynamic exercise. This increase is called "exercise hyperpnea." During light to moderate step load exercise, ventilation increases from the first breath and reaches a plateau within 20 s (Phase I), during which metabolites do not reach chemoreceptors; thus Phase I is solely caused by neurogenic drives. It is worthwhile to clarify the aspects of Phase I in order to identify the mechanism of neurally mediated exercise hyperpnea. Until 2000, the mechanisms of exercise hyperpnea during light to moderate step load exercise were assumed to have been derived from two conventional neurogenic drives, "central command," coming from the motor cortex or the hypothalamus, and "peripheral neural reflex," originating mainly from the mechanoreceptors in muscles through group III afferents. For about a century there have been a large number of experiments trying to illuminate which mechanism is the cause of exercise hyperpnea. Although central command is thought to be the more likely key source, the consensus is that both central and peripheral neurogenic drives operate ventilation redundantly, building a multiple regulation system during exercise. Recent advantages in technology have enabled us to examine exercise hyperpnea in novel ways. Peripheral neurogenic drive through group III and IV afferents again enters into the limelight by using selective blockers for these afferents without augmenting central command. The vascular distension hypothesis has advocated that a rapid increase in peripheral blood flow is sensed as a plethysmometric change by the mechanoreceptors around the venule near the contracting muscles, stimulating the respiratory center through group IV afferents so as to match ventilation with metabolic rate. On the other hand, "learning" is attracting a growing interest from a central neurogenic point of view. Two types of learning have been proposed: "long term modulation (LTM)," serotonin mediated synaptic adaptation to repeated combined exercise and other stimuli such as an increase in dead space, and "volitional control," a behavioral and learned response with cognitive function by way of the cerebrum and cerebellum. Nevertheless, these two pathways were derived from, not direct, but circumstantial evidence. The question, "What causes ventilation to increase during exercise?" is not likely to be solved in the near future.
Introduction
Ventilation increases rapidly and greatly from the first breath at the onset of dynamic exercise, and this ventilatory increase is tightly coupled with a change in workload or metabolic rate. This increase is called "exercise hyperpnea," and the mechanisms that control it have been a matter of debate in the field of exercise physiology for about a century. A change in breathing occurs when output signals are sent to the respiratory muscles from the respiratory center in the medulla oblongata, and is regulated by various input signals to the respiratory center.
Two representative pathways are humoral inputs from the peripheral and/or central chemoreceptors (chemoreceptor reflex), and neural inputs from the higher center and/ or peripheral receptors. Arterial CO 2 partial pressure, a powerful stimulator for the chemoreceptors, shows little change during light to moderate exercise; so it is assumed that the chemoreceptors don't provide the primary drive for exercise hyperpnea, but rather a fine tuning of ventilation during exercise 1) . Neural regulation of ventilation thus plays a dominant role during light to moderate exercise. In this review, the aspects of ventilatory response to exercise, produced by neural factors, are mentioned, after which comes an overview of the conventional wellaccepted mechanisms for exercise hyperpnea. In addition, *Correspondence: ishida@htc.nagoya-u.ac.jp several novel concepts regarding exercise hyperpnea are demonstrated.
Characteristics of the neural components of exercise hyperpnea
Before reviewing the mechanisms for the neural components of exercise hyperpnea, we need to elucidate the characteristics of the neurally mediated ventilatory response to exercise, because it should shed light on its mechanisms. It is well known that ventilation increases abruptly at the onset of light to moderate step load exercise from the first breath and shows a brief plateau until about 20 s (Phase I), thereafter increasing exponentially (Phase II), and finally reaching a steady state within 3-5 min (Phase III). Since metabolites (e.g. CO 2 , H + ) cannot reach the peripheral chemoreceptor (carotid bodies) within 20 s at the onset of exercise, and Phase I accounts for almost half of the full response as shown in Fig.1 , elucidation of the features of Phase I enables us to simplify the mechanism for exercise hyperpnea solely into the neural factor.
Several researchers have observed Phase I under various conditions. As compared with dynamic step load exercise from rest, static exercise 2) , ramp and sinusoidal load exercise 3) , and exercise starting from pre-exercise such as unloaded cycling 4) , produced little or no Phase I response. Limb movement frequency was a greater determinant for Phase I than exercise load. For example, faster treadmill speed produced greater Phase I response, compared to steeper treadmill grade 5) . As for the subject's posture, Phase I was more attenuated in the supine position than that in an upright one 6) . It is interesting to note that passive limb movement exerted by electrically-induced muscular contraction, or mimic movement by the experimenters without muscular contraction (e.g. tandem cycling) also produce a rapid increase in ventilation at the start of movement, even during sleep 7) . Our research group has been demonstrating Phase I responses to both voluntary exercise and passive movement. Phase I response to voluntary exercise and passive movement by the arms were larger than those by the legs 8) . Delayed onset muscle soreness caused by eccentric exercise induced augmented Phase I response to voluntary exercise and passive movement 9) . As for the effect of deconditioning, Phase I response to voluntary exercise was attenuated after bed rest for 20 days; but showed no change after unilateral lower limb suspension for 20 days, while passive movement exhibited no difference in Phase I after both deconditioning 10) . As for different subject groups, our research group revealed that Phase I response to voluntary exercise and passive movement was attenuated in the elderly, as shown in Fig. 1 11) , pre-teenage children 12) , endurance runners 13) , and sprinters (only passive) 14) as compared with normal adults around twenty years in age. There was no gender difference in Phase I response to voluntary exercise or indicates the steady state value of the same exercise for 3 min in voluntary exercise and 0% indicates resting value. * represents significant difference between the elderly and the young. Data modified from Ishida et al. 11) rogenic drive," "peripheral neural reflex," and "afferent feedback." The latter is incorrect as feedback is defined as a self-regulating system where the output signal loops back to an input circuit, which is not the case here. As mentioned in the Phase I section above, passive limb movement produces a rapid increase in ventilation at the initial stage of movement, indicating the involvement of afferent neurogenic drives from moving limbs as the cause of exercise hyperpnea. This mechanism is strongly supported by experiments showing that increased ventilation induced by electrical stimulation or manual passive limb movement disappeared in partial spinal cord resected 21) or anesthetized 22) animals, or human patients with a spinal cord transection 23) , as shown in Fig. 3 . It is well established that the pathways from the peripheral receptors to the respiratory center go through group III and/or IV thin afferent fibers 24) . The endings of group III fibers are mainly connected to mechanoreceptors. They respond quickly at the onset of muscle contraction (within 200 ms) and begin to fire from a lower level of contraction force. On the contrary, the endings of group IV fibers are located near blood and/or lymphatic vessels, and mainly connected to metabo-or chemo-sensitive receptors. They respond later between roughly 5-20 s from the onset of contraction, and have a higher threshold. Some investigators 25, 26) have proven that trapping metabolites after exercise by arterial occlusion of the exercised limb induces passive movement 15) . These results will either be successfully explained by the mechanisms mentioned in the following sections, or suggest a new concept for exercise hyperpnea.
Classic neurogenic mechanisms for exercise hyperpnea
In 1996, the classic concepts of central and peripheral neural regulation of ventilation during exercise were elegantly and thoroughly summarized by Waldrop et al. 16) and Kaufman and Foster 1) , respectively, in the "Handbook of Physiology." Additionally, in the 1990s, Mateika and Duffin 17) , Miyamura 18) , Turner 19) , and Whipp and Ward 20) published fruitful reviews on exercise hyperpnea. In this review, these classic concepts are explained briefly.
Peripheral neurogenic mechanisms Afferent neurogenic drive from moving limbs (peripheral neural reflex)
Mechanical and/or chemical information concerning muscle contraction such as distension of the muscles, production of metabolites, etc. is sensed by the mechanoreceptors and/or metaboreceptors in the muscles, tendons, or joints and reflexively stimulates the respiratory center in the medulla oblongata through afferent sensory nerve fibers, thus producing increased ventilation 1) as shown in Fig. 2➊ . This mechanism has been called "afferent neu- 31) and patients with unilateral weakness 32) , and the results supported cortical irradiation. Central command has been defined as a feedforward mechanism involving parallel activation of motor, respiratory and cardiovascular centers during exercise. Nevertheless, some investigators have been opposed to this mechanism because their experiments revealed no difference in ventilatory response between voluntary and electrically induced exercise during either the transient phase 33, 34) or steady state 35) . Additionally, supportive experiments have only provided circumstantial evidence, so it has not been proven directly or anatomically whether irradiation indeed occurs; and if it does, where it occurs.
2-2. Hypothalamic central command
Eldridge et al. 36) observed that electrical or chemical stimulation of the hypothalamic locomotor region (HTLR) to anesthetized cats with an intact brain and to unanesthetized decorticate (intact hypothalamus) cats induced actual limb locomotion and the preceding increase in respiration and blood pressure. They also demonstrated that HTLR stimulation to paralyzed cats (indicating no afferent drives) produced fictive locomotion and an increase in respiratory activity. Accordingly, Eldridge and Waldrop's group 16, 36) hypothesized that central command should originate not from the motor cortex but from HTLR ( Fig.  2 ,➁) although their experiments were performed only on animals, not humans. It appears that the hypothalamus has reciprocal connections to the cerebrum and cerebellum, and it also receives sensory afferents from peripheral organs, e.g. muscles, and projects to the brainstem and spinal cord. Consequently, these inputs may stimulate the hypothalamus so that efferent signals, such as central command, are produced from there, inducing the parallel activation of locomotion and respiration. In conclusion, it has been accepted that central command, presumably originating from HTLR, should play a primary role in exercise hyperpnea 16) .
Multiple regulations
Although other afferent inputs to the respiratory center exist, for example, from the heart, lungs, respiratory muscles, and thermo-receptors, it is assumed that their role is not a primary one in relation to exercise hyperpnea 1) . Short-term potentiation, persistent increased neural activity after removal of the stimulation, also plays not a primary, but a supplementary role by preventing inappropriate over-and undershoot of ventilation during the transition phase of exercise 16) . It is accepted that central command originated from the motor cortex or HTLR, and/ or afferent drives mainly from mechanoreceptors in the muscles, transmitted through group III afferents, should be the main causes of exercise hyperpnea. For over 100 years, whether central command or peripheral neurogenic drive plays a predominant role in exercise hyperpnea has a rapid decrease in ventilation, having a minor effect of muscle metaboreflex activity on exercise hyperpnea. Accordingly, it is assumed that peripheral neurogenic drive is mainly sensed by mechanoreceptors and goes through group III afferents from the onset of dynamic exercise. However, some investigators refused to accept this drive as the causal mechanism due to observations that ventilatory response to voluntary or electrically induced exercise was not affected by blocking afferent nerve fibers with epidural anesthesia in human subjects 27) or by transection of the spinal cord in animals 28) ; although these responses were observed only during steady state. The general consensus has been that the peripheral neural reflex mechanism has a role in exercise hyperpnea 1) .
Central neurogenic mechanisms 2-1. Cortical central command (cortical irradiation)
In 1913, Krogh and Lindhard 29) first advocated that an abrupt increase in ventilation at the onset of exercise was caused by the "irradiation of motor impulses" from the motor cortex to the respiratory center (Fig. 2,➀) . When the intensity of exercise increases, the motor command and resultant irradiation should also proportionately increase so that ventilation increases in accordance with the intensity of exercise. This cortical irradiation was afterwards named "central command" by Goodwin et al. 30) in the 1970s, who demonstrated the involvement of cortical irradiation by controlling central command, using vibration reflex with a fixed external load. Similar experi- 23) been a matter of debate for exercise and respiratory physiologists. There has been a lot of research both for and against experiments to each drive. It should be reasonable to consider that both are involved in exercise hyperpnea though a single mechanism should be able to elicit nearly the whole ventilatory response during exercise. It can be likened to a backup system that allows the system to function in the event that one of them is impaired. However, if that were true, with both drives intact, ventilatory response should increase twice as much as expected. Accordingly, this system would also need a masking system. These functions are called "redundancy". Waldrop et al. 37) observed that simultaneous activation of both HTLR and muscle afferents in cats evoked increases in ventilation that were less than the sum of the increase evoked by separate activation. They also demonstrated that additional HTLR stimulation during muscular contraction caused a large increase in ventilation while additional muscular contraction during HTLR stimulation showed a small increase, indicating the predominance of hypothalamic central command. Kaufman and Foster 1) suggested that afferent neurogenic drives should influence exercise hyperpnea in a supplementary manner so that they may provide information to the respiratory center about conditions in the limbs that enable central mechanisms to function optimally. This redundancy mechanism involves three mechanisms 1) : neural occlusion, presynaptic inhibition, and chemoreceptor reflex feedback (fine tune). Although it is not yet clear whether or how these three redundant mechanisms actually operate together, many researchers now support the idea that a redundant multiple regulation system is the most reasonable way to explain exercise hyperpnea induced by two neurogenic mechanisms.
Current concepts relating to exercise hyperpnea
In 1996, Kaufman and Foster 1) and Waldrop et al. 16) reviewed almost all previous studies on exercise hyperpnea and summarized them in the "Handbook of Physiology." At that point, it seemed as though the controversy about the mechanisms for exercise hyperpnea would come to a certain end. Nevertheless, new approaches regarding the mechanisms causing exercise hyperpnea continue to be advocated. In the section below, some of the novel concepts presented after the publication of the 1996 Handbook of Physiology are summarized.
Peripheral neural reflex update 1-New approach to afferent neurogenic drive
As mentioned before, the peripheral neural reflex mechanism was disproven by experiments employing epidural anesthesia to blockade afferents which produced a similar ventilatory response to voluntary dynamic exercise as compared with the control condition without anesthesia 27) . This is a fundamental point suggesting the predominance of the central command mechanism for exercise hyperpnea. To challenge this notion, Amann et al. 38) pointed out that local anesthesia (e.g. lidocaine), used in the above experiments in order to attenuate afferent drives, should also simultaneously reduce the activity of efferent nerves to the limbs like a neuromuscular blockade, inducing "weakened" limbs and activating central command and ventilation, as similar experiments mentioned before 31, 32) . Taking the opposite stance, Amann et al. 38) employed lumbar intrathecal fentanyl, impairing the central projection of the spinal opioid receptor-sensitive muscle afferents (group III and IV afferents) during arm and leg cycling exercise, and found that a selective blockade of the afferent drives produced attenuated ventilatory, cardiovascular, and perceptual responses to leg cycling exercise from a low workload level, compared with the placebo condition, demonstrating the essential contribution of group III and IV afferents to exercise hyperpnea. Following this finding, Kaufman 39) suggested that afferent input onto hypothalamic and midbrain neurons should evoke central command. In other words, thin fiber muscle afferents may amplify central command. This is a novel concept that greatly differs from the traditional redundant multiple regulation system mentioned before. However, some investigators have thrown doubt on Amann's experiments, continuing the debate (see Journal of Applied Physiology 110: 860-863 and 1499-1500, 2011).
1-2. Vascular distension hypothesis
Several investigators have insisted that ventilation must be tightly coupled with, not the workload, but the metabolic (or gas exchange) rate with respect to oxygen uptake and especially carbon dioxide production (≒mixed venous CO 2 content × cardiac output) during dynamic exercise. In order to explain this, in the mid 1970s, Wasserman et al. 40) proposed the cardiodynamic hypothesis which states that exercise hyperpnea is second to increase in cardiac output (thus cardiovascular change). They speculated that the change of cardiac output (or venous return) would be sensed at the baroreceptor in the right ventricle and stimulate ventilation (Fig. 2,➋) . However, this hypothesis was disproved, recently, by experiments where the changes in ventilation did not always coincide with that of cardiac output during exercise, especially in the initial phase 23, 41) , and where heart and lung transplantation patients with attenuated cardiac responses showed normal ventilatory response during exercise 34, 42) . On the other hand, since the latter half of the 1990s, Haouzi's group has been proposing an interesting and novel concept explaining how ventilation matches metabolic rate during exercise. It is well known that an anatomically significant portion of group III and IV afferents have been recognized in the vicinity of the adventitia of the arterioles and the venules; and both of these afferents can respond to mechanical stimuli 43) . In addition, Haouzi et al. 44 ) observed a slowed ventilatory response to dynamic walking exercise in patients with severe peripheral blood flow limitation to the lower limbs as compared with normal age-matched subjects. Taking this into consideration, Haouzi et al. 45) hypothesized that group III and IV afferents with endings in the skeletal muscle must signal the distension of the vascular network. As shown in Fig.  4 , they observed that pharmacologically induced vasodilation and acute obstruction of venous drainage of the hindlimbs in anesthetized cats, which induced venous distension, increased the activity of group III and IV afferents -especially group IV afferents -which, for the most part, respond to muscular contraction. Accordingly, Haouzi et al. 43) advocated that the volume change at the vascular and venule level of contracting muscles is sensed by group III and/or IV afferents and reflexively stimulates the respiratory center (Fig. 2,➌) . This plethysmometric mechanism was later called the "vascular distension hypothesis." It is assumed that blood flow to the muscles shows a rapid and proportional change with metabolic rate at the onset of exercise so that a change of ventilation should also coincide with that of the metabolic rate. This hypothesis is very interesting in that, although it must be an updated peripheral neural reflex mechanism, it should also be a peripherally derived and modified version of the cardiodynamic hypothesis. However, it is not clear whether the afferent signal caused by vascular distension is strong enough to explain exercise hyperpnea, or how venule blood flow is increased and tightly coupled with arterial blood flow or cardiac output. Experimental support both for and against this hypothesis is limited; thus further investigation is needed to confirm it.
Central neurogenic drive update
At first, although most of the proposed centrally mediated mechanisms of exercise hyperpnea are sometimes classified as "central command," their origins are quite different and sometimes have no "motor command." So we need to use the term "central command" discriminately. Brain neural networks and functions of the individual organs are very complicated and unsettled, but the attempt is made to summarize them in Fig. 2 and Table 1 .
2-1. Modulation and Plasticity
Recent advances in neurobiology have introduced a novel concept, describing how respiration is controlled during exercise, called "modulation" and "plasticity." Mitchell and Johnson 46) defined "modulation" as a neurochemically induced alteration in synaptic strength or cellular properties, and "plasticity" as a persistent change in the neural control system based on prior experience. Applying this to ventilatory response to exercise, Babb et al. 47) explained "modulation" as a ventilatory response due to neural alternations that are rapidly (according to one trial) reversed in subsequent exercise trials if the inducing stimulus is removed. They also explained "plasticity" as a ventilatory response that persists after the stimulus has ended, a type of "learning," so to speak. Some investigators have alternatively used the terms "short term modulation (STM)" and "long term modulation (LTM)." STM is equivalent to modulation, while LTM is an example of plasticity. Repeated activation of STM would produce LTM 47) . Mitchell's group has advocated that LTM should contribute to exercise hyperpnea [46] [47] [48] . For example, Martin and Mitchell 49) observed in goats that the repeated (20 trials) association of exercise and increased respiratory dead space produced an increase in future ventilatory response to the same exercise without dead space. Mitchell et al. 46, 47) postulated that LTM and STM may be caused by an augmented serotonin release from brainstem raphe 45) neurons to nearby respiratory motor neurons in the spinal cord, thereby increasing motor neuron excitability (Fig.  2,➂) . LTM, in this case, has been supported by the human experiments. Repeated exercise with dead space 50, 51) or inspiratory resistive loading 52) produced an increase in ventilation during the transient phase at the onset of post normal exercise. Wood et al. 53) found that repeated hypercapnic exercise (70 trials) induced an increase in ventilation during subsequent steady state normocapnic exercise, and suggested the involvement of learning and memory. On the contrary, some investigators 54, 55) found little effect of repeated hypercapnic exercise with dead space on ventilatory response to subsequent normal exercise. Wood et al. 53) rebutted that this was because the number of trials in their experiments was too few to elicit LTM. Research on LTM and the specificity of the situations examined, e.g. hypercapnic or inspiratory resistive load exercise, is still limited. It is not yet known whether or how LTM affects normal ventilatory response to exercise.
2-2. Subcortical central command update
Waldrop and Iwamoto 56) have emphasized the predominance of hypothalamic central command as the mechanism of exercise hyperpnea, based on the premise that ventilation should be tightly correlated with the intensity of exercise. On the contrary, Haouzi 56) opposed this notion because ventilatory response to sinusoidal work rate change in human cycling exercise 3) and sinusoidal speed change during treadmill walking in sheep 57) , was dissociated from work rate and speed change, especially at faster oscillations. In addition, he insisted that HTLR is not always required because a lesion of HTLR had no influence on the cardiovascular and locomotor responses in beagles 58) . They have argued these points heatedly in a journal 56, 59) and, thereafter, several famous investigators joined the debate (see Journal of Applied Physiology 100:1417-1418 and 1743-1747, 2006). In addition, recent brain functional imaging techniques, mentioned below, showed no involvement of the hypothalamus during or after exercise 60) , or during imagined exercise 61) . A definite conclusion has not yet been reached.
More recently, direct evidence of the importance of subcortical regions in human subjects has come from patients with Parkinson's disease or chronic pain undergoing deep brain stimulation by Paterson's group. Thorton et al. 62) reported that electrical stimulation of the thalamus, and the subthalamic nucleus (STN) and substantia nigra in the basal ganglia, which is associated with motor control, learning, cognitive, and emotional functions, produced an increase in heart rate and blood pressure in conscious humans. However, it produced no actual movement, perhaps because stimulation intensity was too low to elicit movement. Green et al. 63) revealed that the periaqueductal grey area (PAG) in the midbrain was involved in central command mediated cardiorespiratory responses to anticipatory and actual exercise by using directly recorded Hippocampus, Septal nuclei electrical activity around the related regions of the brains of the patients. It is assumed that PAG has a role in integrated behavioral responses to stressors, and has connections from the limbic system and prefrontal cortex, and to the brainstem. These results indicate that these subcortical areas may not be the source of central command but rather the integration areas between central command and afferent neurogenic drive 64) . Nonetheless, at the moment, it is still unclear whether these areas play a specific role in exercise hyperpnea.
2-3. Cortical and cerebellar mechanisms update
For the sake of activating conventional central command, motor command to the contracting muscles is required to induce parallel activation of ventilation during exercise. However, ventilation can be increased without motor command or actual movement when exercise is anticipated 65) , imagined in conscious athletes 66) , or imagined under hypnosis 67) . Williamson 68) emphasized that the perception of effort, or effort sense, should be closely associated with central command, independent of workload or force production; and this effort-induced central command should play a predominant role in cardiovascular response to exercise. It is assumed that perception of effort is derived from some neurogenic information, for example, somatosensory signals (e.g. from the muscles and heart), neurocognitive mechanisms (e.g. cognitive ability and experience), malaise (e.g. discomfort and pain), and psychological factors (e.g. depression and neuroticism) 68) . Furthermore, Williamson et al. 69) contended the existence of an independent "central cardiovascular command" and "central motor command", both of which do not always work simultaneously, for example, during imagined exercise. In this context, the term "cardiovascular" could be substituted for "respiratory" (i.e. "central respiratory command") because it is well accepted that input mechanisms for cardiovascular and ventilatory responses to exercise should be quite similar 1, 16, 19) . Concerning the associated regions in the brain, Williamson et al. 69, 70) postulated that the insular cortex (insula) in the cerebral cortex and the anterior cingulate cortex in the limbic system should be the key structures for central cardiovascular command because they found that these structures are activated during imagined exercise when examined using single-photonemission computed tomography. However, it is yet unknown whether these structures are also associated with respiration during exercise.
Recent developments in medical engineering have pushed brain research forward enabling it to identify the regions involved in exercise and ventilation. Fink et al. 60) used positron emission tomography (PET) to do brain imaging and observed the activated regions during and immediately after dynamic leg exercise. Their research revealed that relative regional cerebral blood flow (rCBF) significantly increased in the left and right superomedial primary motor cortex (the motor cortical leg areas), and the left and right superolateral primary motor cortex, which is known to be related to motor control of the respiratory muscles during volitional breathing. After exercise, the former showed no activation though the latter remained activated. In addition, relative rCBF was increased in the supplementary motor area, ventrolateral thalamus, and cerebellum, which are also known to be involved in volitional breathing. Furthermore, the cingulate cortex, parietal and frontal cortex, and globus pallidus, which are associated with motor control, were also activated. Fink et al. 60) concluded that the motor cortex should be involved in exercise hyperpnea and suggested that the control of breathing in the motor cortex might be a behavioral or learned phenomenon. Similarly, Thornton et al. 61) , also using PET, revealed that ventilation and the dorsolateral prefrontal cortex, supplementary motor area, premotor cortex, sensorimotor cortex, thalamus and cerebellum were activated while imagining rigorous exercise (uphill cycling) under hypnosis without muscle contraction. They suggested that respiratory response to exercise should be generated by behavioral response learned in development. In the cerebrum, it is assumed that the prefrontal cortex, basal ganglia, and limbic system are related to movement based on learning and memory. These results suggest that volitional breathing by way of learning and memory in the cerebrum should affect exercise hyperpnea.
On the other hand, Forster 71) suggested that the cerebellum may play a prominent role in exercise hyperpnea. As mentioned above, Fink et al. 60) and Thornton et al. 61) revealed that the cerebellum was also involved in ventilatory response during actual or imaged exercise. Previously, Panda et al. 72) observed an attenuated ventilatory response to muscular stimulation with ablation or cooling of the anterior lobe of the cerebellum in dogs. Williams et al. 73) found an increase in respiratory activity in response to stimulating the cerebellar fastigial nucleus (CFN) in cats. While Martino et al. 74) demonstrated that lesioning CFN had a modest effect on exercise ventilation and suggested the cerebellum had a small effect on exercise hyperpnea in goats, the redundancy mechanism to compensate may play a role as well. Until now, it is not yet clear whether the cerebellum is actually involved in exercise hyperpnea in humans. It is well known that the cerebellum is closely related to motor control (e.g. correct and smooth movement) by integrating information from the cerebral cortex and peripheral organs such as muscles. The cerebellum is also assumed to be associated with automated movement through motor learning (memory). Accordingly, it is reasonable to suppose that the cerebellum plays a role in fine tuning ventilation in proportion to exercise intensity or effort sense, and is involved in learning and automating respiratory movement. To our regret, there is no evidence to confirm this notion.
2-4. Learning and cognition hypothesis
Putting all these arguments together, an updated central neurogenic "learning and cognition" hypothesis using the cerebrum and cerebellum can be proposed. An individual may have repeatedly experienced and learned a combination of the effort sense and ventilation at the same time during exercise, and have it saved in the cerebrum as memory. Afterward, when the individual performs a similar type of exercise, he/she may sense or imagine the effort required in light of that memory, and calculate and/or speculate the required level of ventilation. In this system, a human needs to recognize (e.g. interpret and anticipate) the effort sense based on a previous experience so that exercise hyperpnea should require a certain level of cognitive ability. Wuyam et al. 66) observed that highly trained athletes, who recognize the efforts of exercise well, were more likely to show a greater ventilatory response to imagined exercise than control subjects. Bell et al. 75) revealed that initial ventilatory increase during exercise was depressed while solving a puzzle (i.e. added obstructive cognitive task). Learning/memory and cognition are involved in the cerebrum (e.g. the prefrontal cortex, limbic system, and basal ganglia) and cerebellum. Accordingly, during exercise, an individual should recognize the intensity of exercise by means of effort sense and/or memory in the cerebrum, and the information is then integrated and transmitted to the primary motor cortex associated with volitional respiratory control, stimulating the respiratory motoneuron in the spinal cord directly through the cortico-spinal pathways, resulting in increased ventilation (Fig. 2,➃) . This drive is also transmitted to the cerebellum so that ventilation is regulated automatically and precisely as mentioned before. This learning and cognition hypothesis can reasonably explain exercise hyperpnea especially during Phase I. For example, Phase I in children was less than in adults 12) because they are in the developmental learning and cognitive stage where they are beginning to obtain the appropriate response. The elderly also showed a slowed Phase I response 11) because their movements are more stereotyped and cognitive function is delayed due to aging. Further, normal Phase I response to exercise in heart and lung transplant patients 34, 42) may be attributed to the learned response after surgery. This hypothesis seems very attractive and a reasonable mechanism to explain exercise hyperpnea, but to our regret, direct evidence has not yet been revealed.
Closing remarks
Although the conventional peripheral neural reflex mechanism has been disregarded as the source of exercise hyperpnea, by investigators who have maintained the importance of the hypothalamic central command since the 1990s, the recent new approach by Amann et al. 38) , and the novel and attractive vascular distension hypothesis by Haouzi et al. 43) has again shed light on the peripheral neural mechanism. On the other hand, the conventional central cortical and hypothalamic command mechanisms, which induce parallel activation of locomotion and respiration, have now become questionable because ventilation is dissociated from workload, but is tightly coupled with metabolic rate or the effort sense. Moreover, recent advances in brain research indicate the involvement of the cerebrum and cerebellum on exercise hyperpnea. Accordingly, the authors propose the learning and cognition hypothesis as the source of exercise hyperpnea. Quite a few investigators have new research interests regarding the effects of learning on exercise hyperpnea at the supraspinal 60, 61, 76) and spinal levels 47, 48, 50, 52, 53) although it is still difficult to observe the activity of the human brain during exercise. The mechanisms for exercise hyperpnea have been the focus of debate in the field of exercise physiology for almost a century; even though the Handbook of Physiology, published in 1996, seemed to help put a certain end to the controversy. However, the true mechanism remains a mystery, even though new technology is shining more light on the subject. Another century may be needed to bring this unsettled debate to a final close.
